Introduction
In forensic genetics, DNA samples are analyzed through the comparison of a combination of variants from a particular group of polymorphisms, resulting in a highly unlikely probability of being reproduced in a second individual within the population. In fact, although more than 99% of the genome is invariable across the human population, polymorphic variations in DNA sequence can be used to both differentiate and correlate individuals. This DNA feature allows the resolution of many problems related with paternity testing and identification cases, including disaster victim identification (DVI). Moreover, it can be used to solve some criminal cases.
Short tandem repeats (STRs) have been the first-choice genetic markers of forensic scientists all over the world, since their use enables a satisfactory answer for almost all the requested cases, mainly due to their high degree of polymorphism and consequent discrimination power. Lately, however, another type of genetic markers called SNPs (single nucleotide polymorphisms), which consists in DNA sequence variations that results from single base changes in the genome sequence, has been considered [1, 2] as additional informative markers, providing reliable likelihood ratios (LRs). Some reports go even further, considering that SNPs will replace STRs in forensic investigation [3] . In spite of almost all SNPs are bi-allelic, and consequently less polymorphic than multi-allelic STRs, they have several known advantages over STRs: SNPs are more stable genetic markers, with low mutation rates and so less likely changes over generations which is crucial concerning paternity cases. They also will probably allow a cheaper, easier and faster analysis and demand a much lower DNA consumption due to the high degree of multiplexing and automation of the genotyping methodologies [4, 5] . Moreover, as single base markers, they can be typed with ex-
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Summary
Background: DNA profiling with sets of highly polymorphic autosomal short tandem repeat (STR) markers has been applied in various aspects of human identification in forensic casework for nearly 20 years. However, in some cases of complex kinship investigation, the information provided by the conventionally used STR markers is not enough, often resulting in low likelihood ratio (LR) calculations. In these cases, it becomes necessary to increment the number of loci under analysis to reach adequate LRs. Recently, it has been proposed that single nucleotide polymorphisms (SNPs) could be used as a supportive tool to STR typing, eventually even replacing the methods/markers now employed. Methods: In this work, we describe the results obtained in 7 revised complex paternity cases when applying a battery of STRs, as well as 52 human identification SNPs (SNPforID 52plex identification panel) using a SNaPshot methodology followed by capillary electrophoresis. Results: Our results show that the analysis of SNPs, as complement to STR typing in forensic casework applications, would at least increase by a factor of 4 total PI values and correspondent Essen-Möller's W value. Conclusions: We demonstrated that SNP genotyping could be a key complement to STR information in challenging casework of disputed paternity, such as close relative individualization or complex pedigrees subject to endogamous relations. tremely short amplicons (around 50-90 bp) and since the typing reaction is independent from PCR amplification, a large number of markers can be amplified with similar amplicon lengths without any effect over genotyping [3] . This last property becomes critical when dealing with degraded DNA samples which display highly fragmented DNA. However, SNP analysis also presents some limitations. In fact, using statistic simulations to compare STRs and SNPs effectiveness in kinship studies, it has been reported that the possibility of inconclusive results is much higher when using only SNPs [2, 6] . Furthermore, these authors discuss the validity of using exclusively SNP polymorphisms in routine paternity investigations. It is generally accepted that SNPs are individually less informative than STRs; however, their simplicity allows a multiplexing level so high that a single SNP typing multiplex could pile up a number of markers large enough to compensate this limitation [7] .
In this work we present some paternity testing results, using conventional STR markers and the 52 SNP multiplex reported by the SNPforID consortium, that was locally validated using the SNaPshot ® reaction mix (Applied Biosystems, Waltham, MA, USA) and capillary electrophoresis.
Material and Methods
Samples and Pedigree Description
The samples were selected from 7 complex families that were already typed using conventional STR markers included in the Identifiler (Applied Biosystems) and in the PowerPlex 16 (Promega, Madison, WI, USA) kits. The first three reported families concerned trios that had shown incompatibilities in one or two STR, suspected to be single step mutations (Family 1(F1), Family 2 (F2) and Family 7 (F7)), leading to reduced paternity indexes. In the other studied families instead of the alleged father we had other relatives from the paternal line: the alleged paternal grandfather and alleged uncle (Family 3 (F3)), two confirmed sons of the alleged father from a different mother (Family 4 (F4)), the alleged paternal grandmother (Family 5 (F5)) and a single confirmed son of the alleged father (Family 6 (F6)) ( fig. 1 ). All these families were analyzed after typing with all markers included in the above mentioned commercial kits, totalizing 17 STRs.
DNA Extraction and Quantification
DNA was extracted using a slightly modified version of the Chelex extraction method [8] . Quantification was achieved by real-time PCR using the Quantifiler TM Human DNA Quantification Kit (Applied Biosystems) and the ABI PRISM ® 7500 Sequence Detection System (Applied Biosystems).
PCR and Genotyping
A total of 52 autosomal SNPs were amplified by PCR in 12.5 μl reactions containing DNA ranging from 0.40 to 3 ng. The PCR procedures were performed as previously described [7] . Two single base extension (SBE) reactions were performed as previously described with slight modifications [7] : 2.5 μl SNaPshot reaction mix (Applied Biosystems), 1.5 μl SBE primer mix (0.01-0.27 μmol/l) and 2 μl of purified PCR product (with exonuclease I / shrimp alkaline phosphatase (ExoI-SAP)), 6 μl in total. Excess nucleotides were then removed by the addition of 1 μl SAP (1 U/μl) to the SBE mix. SBE products separation was performed by capillary electrophoresis, using an ABI Prism 3130xl Genetic Analyzer (Applied Biosciences), with 36 cm capillary arrays and POP-4 polymer (Applied Biosystems). Analysis was made using GeneMapper ID-X. Allele calls were made manually.
Statistical Analysis
After applying the SNPforID 52plex assay, calculations of paternity indexes (PI) were made using the software Familias [9] considering the information of STRs and of the 52 SNPs as stand-alone assays. The two assays were joined on a single genetic profile (table 1), using the previously published frequencies for those markers in a population sample of the North of Portugal [10] and assuming that all markers are independent.
Three of the studied cases involved incompatibilities, two (F1, F7) with one suspected single step mutation and the other one (F2) with two suspected single step mutations. In Familias software it is possible to take the mutation rates (mr) into consideration for those loci in order to obtain a value of probability for the alleged kinship relation. In the case of STRs we have inserted mr values from the STRbase with different values according to the marker with the observed incompatibility. The STRbase website lists a wide range of observed STR mutation rates(www.cstl.nist.gov/biotech/strbase/mutation.htm) based on data from the most extensive recent AABB survey on typing trios with standard STRs (www.aabb.org/sa/facilities/Documents/ptannrpt03.pdf). A universal mutation rate of mr = 2.5 × 10 -8 was used for all SNPs [11, 12] . Silent alleles were also assumed. The silent allele frequencies were calculated according the equation 1 / (n + 1), were n corresponds to the total number of observed alleles. 
Quality Control
The recommendations of the International Society of Forensic Genetics (ISFG) on the analysis of DNA polymorphisms were strictly followed which included the use of recommended nomenclature and guidelines regarding quality control and statistical calculations [13] . The SNPforID 52plex assay was validated locally and through inter-laboratory collaborative exercises, prior to sample typing, promoted by the Spanish and Portuguese Working Group from ISFG (GHEP-ISFG group).
Results and Discussion
In table 1 the studied families and the respective PI calculations with STRs, SNPs, and both markers are resumed. Concerning genetic data interpretation, STR PI results range from 241 to 6,133, SNP PI results range from 4 to 971,396, whereas using the combined STR/SNP PI results range from 1,759 to 5,957,575,011. Our results are in agreement with previous reports from other authors stating that in most families the PI value obtained analyzing just SNPs was lower than with STRs analysis [2] . These authors propose that the use of SNPs, in some cases, will lead to a PI lower than the one obtained with STR information, returning an inconclusive statistic calculation [2] . However, our results show that, by gathering the information of these two types of markers together, it was possible to achieve an increased PI in all revised cases. In 4 out of the 7 cases, SNPs were not very informative, with PI < 20. This was expected, since these are the most difficult cases that can emerge from the routine work in which it is very common to lack sufficient information for a kinship investigation, since in one case there are two incompatibilities in STR analysis (F2) and in the others we dispose of far relatives of the child, as is the case of grandparents, uncles or brothers (F3, F4, and F6) . Inview of these data it is demonstrated that studying SNPs as a complement to STRs resulted in an at least fourfold increased total PI values, while in the remaining cases the PI improvement is several magnitude orders greater. Special attention is given to the case F7 displaying a mutation on D16S539 across generations in which the application of SNP typing and ignoring STR data increase the PI by two magnitude orders. These results may be explained by the fact that the applied SNP typing multiplex, SNPforID 52plex, in European populations provides a higher statistical power than the 15 human identity STRs contained on the employed amplification kit [7] . Furthermore, since the mutation rate of SNPs is on average five magnitude orders lower than that of STRs, it is highly unlikely that any parentto-child mutation will be spotted. Moreover, the combined STR/ SNP increased PI results, leading to a strongly supported hypothesis of paternity and an accurate conclusion. Similar results when applied to complex casework resolution have been obtained with SNP typing by other authors [6, [13] [14] [15] -hardly a surprise, since this methodology accomplishes the single-tube-reaction study of a great number of markers. Additionally, these markers show an extremely low mutation rate, and those on the SNPforID 52plex have been selected to cover all chromosomes with an ample distribution across the genome in order to ensure the discovery of recombination-born differences even among members of complex inbred pedigrees [6] .
Human identity testing using DNA has undergone an evolution from multilocus restriction fragment length polymorphism (RFLP) and less polymorphic single-locus RFLP probes to even less polymorphic STR systems, mostly to achieve laboratory automation [3] . Recently, SNPs offered a further possibility for this purpose. Future identity typing laboratories will undoubtedly utilize simpler test systems involving SNPs in order to more easily automate the laboratory process. The SNPforID 52plex assay was developed by the SNP consortium for identification purposes. Many authors have confirmed the utility of these markers; namely in severely degraded samples like bones and in other applications [16, 17] .
Conclusion
After revisiting some complex paternity cases and complementing the information achieved by the study of the conventional STR markers, by using the 52 SNP markers included in the SNPforID 52plex assay developed by the SNPforID Consortium, we found greatly increased PI values and a significantly reduced uncertainty in all cases investigated. SNP typing represents an extremely useful tool to complement STR information in deficient cases of disputed paternity regardless of the cause of the deficiency. However, even if the methodology used in this study is perfectly fitting for forensic casework requirements, it has its drawbacks. SNaPshot is a laborious technique if it is accomplished without some degree of automation, and, above all, the data analysis process requires a significant level of expertise to be properly held. Moreover, it is very difficult to resolve mixtures when using these markers [18] . In fact, mixture interpretation is a major drawback or limitation of foren- 0.9999999998 1Mut D16S539 PI = Paternity index; W = Essen-Möller's probability value; GF = alleged paternal grandfather; U = alleged paternal uncle; C = child; M = mother; S = son of the alleged father; GM = alleged paternal grandmother; Mut = inconsistency in STR transmission. sic SNP typing 'with the currently available typing techniques' [3] . This remains true even if better technologies allow for enhancing mixture resolution with SNPs. New promising technologies are being developed that hopefully would lead to the construction of SNP typing forensic kits in the near future that could provide a more user-friendly alternative to the current SNP typing methods. With regard to findings like those presented in this paper, we sincerely hope that, after implementing these more user-friendly SNP typing technologies, these markers will be included in the everyday forensic toolbox.
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